Radiation-induced degradation of polymeric materials occurs through numerous, simultaneous, competing chemical reactions. Although degradation is typically found to be linear in adsorbed dose, some silicone materials exhibit nonlinear dose dependence due to dose-dependent dominant degradation pathways. We have characterized the effects of radiative and thermal degradation on a model filled-PDMS system, Sylgard 184 (commonly used in electronic encapsulation and in biomedical applications), using traditional mechanical testing, NMR spectroscopy, and sample headspace analysis using solid-phase microextraction (SPME) followed by gas chromatography/mass spectrometry (GC/MS). The mechanical data and 1 H spin-echo NMR spectra indicated that radiation exposure leads to predominantly cross-linking over the cumulative dose range studied (0-250 kGy) with a rate roughly linear with dose. 1 H multiple-quantum NMR spectroscopy detected a bimodal distribution in the network structure, as expected from the proposed structure of Sylgard 184. The MQ NMR spectra further indicated that the radiation-induced structural changes were not linear in adsorbed dose and that competing chain scission mechanisms made a greater contribution to the overall degradation process in the range of 50-100 kGy (although cross-linking still dominated). The SPME-GC/MS data were analyzed using principal component analysis (PCA), which identified subtle changes in the distributions of degradation products (the cyclic siloxanes and other components of the material) as a function of age that provide insight into the dominant degradation pathways at low and high adsorbed dose.
Introduction
Because of the chemical and physical nature of the polydimethylsiloxane backbone, silicone polymeric networks have served as near-ideal model systems for studying the influence of structure on the polymer chain dynamics and, thus, the mechanical properties of broad classes of polymer-filler composite systems, including micro-and nanocomposites. Studies of filled silicone elastomers comprise a large amount of the polymer literature, because of their versatility and ubiquitous presence in the industrial world, with applications of these materials ranging from cushions and medical devices to lithographic materials, insulators, and coatings. Although the effects of ionizing radiation on silicone polymers have been studied for over 50 years, there are still unresolved issues. [1] [2] [3] [4] [5] Most work to date has studied ranges of adsorbed dose in which the effects on molecular weight, sol fraction, evolved gas, and so on are typically linear with dose. Further, a significant fraction of these studies have been performed on soluble polymer chains and not cross-linked networks. In many cases in which systems were studied past their gel point, insight into the effects of radiation were typically drawn from the study of the remaining soluble fraction and not the direct study of the gel (i.e., the cross-linked fraction).
Similarly to that of most other polymeric materials, the degradation of silicone-based materials generally occurs by multiple competing chain-breaking (scission, unzipping, backbiting) or chain-forming mechanisms (i.e., H vs Y cross-linking through varying free-radical mechanisms), bonding to the filler matrix, and so on. [1] [2] [3] [4] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] For both thermally and radiatively induced degradation, multiple, competing reaction pathways can exist and occur simultaneously to varying extents depending on variables such as the total input energy, monomer types (i.e., stabilizing phenyl groups), additives (fillers, stabilizers, etc.), and network topology. The resulting effects on the polymer are the net effect of the reactions that have occurred. Thermal degradation typically follows standard kinetics of thermally activated processes, although with the complications caused by multiple allowable reaction pathways. In fact, experiments have observed a shift between dominant mechanisms [e.g., dominance of acid-catalyzed hydrolytic chain scission at low temperatures (<110°C) and backbiting of free chain ends to form cyclic siloxanes at high temperatures (typically greater than 120°C )]. [10] [11] [12] [13] 16 Radiation damage, however, has generally been observed to be linear in adsorbed dose over distinct dose ranges that depend on the structure and composition of the polymer composite, although a few studies have observed nonlinear behavior at sufficiently high adsorbed doses. Over extended dose ranges, the competition between these overlapping reactions can, however, lead to nonlinear behavior. 1, 2, 4, 6, 17 Unfortunately, the specific changes in the dominating mechanisms that might be responsible for this variance, particularly in radiation-induced degradation, are generally poorly understood. This is due in no small part to a lack of methodologies that provide correlations between changes in chemical speciation and the remaining composite network structure that determine the engineering properties. Herein, we describe a general multipronged approach to developing improved insight into the chemical origins of degradation in a commercial silica-filled silicone polymer formulation that is broadly applicable to silicone-based materials. In this study, the effects of γ-radiation and exposure to elevated temperature are investigated as test cases using a combination of advanced 1 H multiple-quantum (MQ) NMR spectroscopy and solid-phase microextraction (SPME)-GC/MS. The benefits of MQ NMR spectroscopy lie in its ability to identify networkspecific changes that are not available by other means and to enable the quantitative assessment of structural dynamics as a function of long-term exposure to chemically, thermally, or radiatively harsh environments. [6] [7] [8] [9] The MQ NMR growth curves were analyzed with the aid of new robust algorithms that dramatically reduce the variability in analyzing the results. Further, SPME-GC/MS has found great use in the identification of volatile offgassing components 18, 19 and previously has been used to identify the major byproducts of siloxane degradation, 8, 14, 20 thus aiding in the elucidation of degradation mechanisms. Moreover, whereas the combination of SPME-GC/MS data sets with modern multivariate analysis methods has been used extensively in the food industry, 21-24 its applicability to SPME analysis of silicone degradation has not yet been reported. Here, GC/MS chromatograms were analyzed by principal component analysis (PCA) to determine common signatures of aging mechanisms and to gain a complete understanding of degradation prevalence and pathways. Combined with traditional analysis, the MQ NMR and SPME-GC/MS results allowed the quantification of changes in the network structure and identification of responsible degradation mechanisms as a function of cumulative γ-radiation dose or temperature.
Experimental Section
2.1. Sample Preparation. Experiments were performed on samples of Sylgard 184, which, because of its versatile mechanical, chemical, and dielectric properties, has a number of other common uses, including in biomedical microelectromechanical system (MEMS) devices, in aerospace sealants, and use as a soft lithography material. Sylgard 184 is a platinumcatalyzed vinyl-addition silicone polymer manufactured by Dow Corning. The commercially available material consists of a 10:1 mixture of Sylgard 184 base resin and curing agent consisting of polymethylhydrosiloxane (PMHS) and polydimethylsiloxane (PDMS). The base resin is composed of ∼65% vinyl-end-capped PDMS and ∼35% soluble silica filler (50% SiO 2 , 45% trimethylend-capped PDMS, and 5% vinyl-end-capped PDMS) plus ∼6 ppm chloroplatinic acid adduct as a catalyst. The samples were vacuum-degassed and cured for 7 days at room temperature.
Test samples were cut into strips and placed into aging containers that were either left open to air or backfilled with nitrogen. The samples were then exposed to 60 Co radiation at a dose rate of 0.5 kGy/h for times necessary to reach desired doses ranging from 10 to 250 kGy. After this aging, samples were further prepared and characterized as detailed below.
Mechanical and Rheological Testing.
A TA Instruments Q1000 differential scanning calorimeter (DSC) was used to determine glass transition temperatures. Approximately 10-15 mg of sample was sealed in an aluminum pan. The samples were subjected to a modulated 1.5°C/min temperature ramp from -160 to 50°C with a temperature modulation of (0.27°C every 20 s under a helium purge at a flow rate of approximately 50 mL/min.
Young's moduli for the Sylgard 184 material were determined using an MTS Synergie 400 tensile test frame equipped with a 50 N load cell. Test specimens were cut into strips that were approximately 30 mm long, 5 mm wide, and 1.5-2.2 mm thick. The specimen clamps were of screw type, and strain was measured based on grip separation, which limited measured properties to the initial modulus. Testing was carried out using an initial gauge length of 15 mm and at an initial strain rate of 0. Here, the static dipolar coupling, 〈Ω d 〉 static , is preaveraged by the rotation of the methyl groups in PDMS; P 2 (cos R) is the second-order Legendre polynomial describing the orientational changes between the dipolar vector and the chain axis; and r describes the distance relationship between the end-to-end vector, R, and that of the unperturbed melt, R o : r ) R/R o . 31 2.3.2. NMR Methods. NMR experiments were performed on a Bruker Avance spectrometer with a proton Larmor frequency of 400.13 MHz. Pulse lengths of 90°with τ p ) 5.45 µs and recycle delays of 6 s were used. Traditional spin-echo experiments 26,32 were fit to a bimodal distribution of decaying exponentials. The curves were characterized in all cases by a short-T 2 regime assigned to low-mobility network chains and a long-T 2 domain attributed to the non-network chains and chain ends that are located far from topological constraints. In this report, we have used the T 2 analysis primarily to obtain insight into the sol fraction. The long-T 2 fraction is actually made up of both the sol fraction and spins residing on the highly mobile ends of dangling chains, as discussed in Mayer et al. and CohenAddad, for example.
26, 33 Although a gross simplification, however, the relative amount of long-T 2 domains can be treated as proportional to the sol fraction, and relative fractional changes in the long-T 2 domains are thus related to the relative changes in sol fraction.
2,4,8
Multiple-quantum NMR experiments were performed as described by Saalwächter et al. 31, 34 using the generic pulse sequence to excite even-quantum coherences. The dipolar couplings contributing to the normalized double-quantum (DQ) buildup curve were fit as described in detail by Giuliani et al. 15 and Saalwächter et al. 31 ,34 using an inverted Gaussian of the form
where 〈Ω d 〉 is the average dipolar coupling and τ DQ is the DQ mixing time described above. For bimodal distributions, a weighted sum of two inverted Gaussians in the form of eq 3 (see below) was used. In this experiment, attempts to fit buildup curves to inverted Gaussians with distributions of coupling frequencies, as described in earlier work, 15,31 yielded nonphysical results. Instead, the fast Tikhonov regularization software FTIKREG was used to invert the distribution integral to estimate the distribution of coupling frequencies for each sample using eq 3 as a kernel function, as described previously, but with modifications as described in the next section. 15, 31, 35 2.3.3. Modified Regularization Process for MQ Data Analysis. In the original version of the modified regularization program for the estimation of coupling distributions, originally published by Weese, 35 eq 3 was used directly as a kernel function. 31 This creates a problem in that the final normalized DQ intensity, which must always reach 0.5 in the long-time limit, had to be enforced by adding a few long-time data points with I nDQ ) 0.5 (particularly necessary because data are fitted only up to I nDQ ) 0.45, see below). Because FTIKREG was initially conceived for inverse Laplace transformations (i.e., just a falling exponential as a kernel function), it has a built-in option to enforce I ) 0 in the long-time limit. To employ this option and obviate the use of an arbitrary number of additional points, the program now internally fits decay data of the form 0.5 -I nDQ to a falling Gaussian, 0.5
). In addition, we have implemented a new empirical kernel function that includes the slight maximum observed in the normalized data and thus gives more reliable results for wider or multimodal distributions. Details will be reported in an upcoming publication.
We have also implemented changes in the error parameter that is required by FTIKREG. This parameter should reflect the constant, absolute-scale statistical error associated with the data points and is needed for the proper initialization of the regularization parameter. It affects the smoothing of the data and the number of distribution modes extracted from the data; regularization parameters that are too low commonly lead to an "overinterpretation" of the results in terms of too many modes. This is problematic for two reasons: First, the error increases for longer times (as the intensities become low) because of the normalization procedure needed to remove relaxation effects, 31 thus rendering it nonconstant. Second, eq 3 is only an approximation of true data, which exhibits a weak maximum in narrowly distributed systems. This, in fact, is why data are fitted only up to I nDQ < 0.45 (or, with our modified fit, down to 0.05), which is the region of good agreement. For broad distributions, the inability of eq 3 to model the maximum of the subcomponents leads to underestimations of more weakly coupled subcomponents.
To select an error parameter that leads to a physically realistic distribution, the program now automatically varies the error parameter over a variable range and outputs the distribution for each value, along with the corresponding 2 value (mean squared deviation between data and fit). See Figure 1A ,B for the variation of 2 with the given error parameter and the resulting distributions. We take the most realistic distribution (shown in bold in Figure 1 ) as the one for the lowest error parameter, below which 2 saturates at a nearly constant value. In most cases, much lower error values lead to multiply peaked distributions, which, however, do not lead to better overall fits and are consequently not necessarily physically meaningful.
2.4. Solid-Phase Microextraction-Gas Chromatography. Carboxen/PDMS (85 µm) SPME fibers were purchased from Supelco. SPME headspace vials (20 mL), crimp caps, and septa (20 mm, Teflon/blue silicone, level 4) were purchased from MicroLiter Analytical Supplies. Three samples, weighing approximately 20-30 mg each, were placed in 20 mL SPME headspace vials. One set of Sylgard 184 samples (pristine and irradiated) was analyzed as-is, and one set was placed in a 70°C oven for two weeks. Headspace SPME analyses for a given radiation dose and temperature were performed on a blank control vial and on Sylgard 184. The samples were analyzed by SPME-GC/MS using an automated system under the following conditions: 85-µm Carboxen/PDMS SPME fiber, conditioned between samples for 5 min at 260°C; headspace sampled at 50°C for 20 min and injected into the GC for 1 min at 250°C. The Agilent 6890 gas chromatograph was set for splitless injection and purged for 0. delay. Outgassing products were identified by comparison of their mass spectra to the NIST 02 mass spectral library. 2.4.1. Principal Component Analysis. PCA, a standard, unsupervised multivariate statistical technique, reduces a large data matrix to a few manageable variables that can be visualized and interpreted using a series of simple plots. 36, 37 PCA reduces the data complexity by calculating new variables called principal components, which represent linear combinations of the original variables and capture the greatest variation in the data set. The elution peaks and molecular fragments with the highest variance in intensity among the statistical groups identify important differences between samples.
GC/MS/MS spectra were aligned and analyzed using PLS Toolbox v. 4.1 (Eigenvector Research, Manson, WA) with MATLAB software v. 7.3 (MathWorks Inc., Natick, MA). The entire data set was first aligned to common peaks at 5.07, 6.75, 10.26, and 14.05 min utilizing a maximum allowable shift of 0.05 min for each of these reference peaks. Aligned individual spectra were normalized to unit area under the chromatogram, after which the entire data set was mean-centered. PCA was performed to reduce the complexity of the data set and aid in the identification of chemical species that changed significantly with treatment.
Results and Discussion
DSC, dynamic mechanical thermal analysis (DMTA), and spin-echo NMR spectroscopy were applied to the pristine and irradiated samples. The glass transition temperature, the Young's modulus, and the transverse relaxation rates (1/T 2 ) for both the long-T 2 and short-T 2 domains were seen to increase nearly linearly with adsorbed dose (data in Table 1 ). These results indicate a decrease in mobility with increasing radiation because of the dominance of cross-linking reactions expected for silicone materials.
2,4,38 Extracted NMR-derived pseudosol fractions (see Experimental Section) decreased with increasing dose suggesting that radiation binds the small amount of sol component into the polymer network. The so-called Charlesby-Pinner plot of [sol fraction + (sol fraction) 1/2 ] vs 1/dose 39, 40 is shown in Figure  2 . The nonlinearity of the relationship is presumably due to the large degree of structural heterogeneity in the PDMS network, but it might also reflect a transition in the dominant degradation mechanisms at about 50 kGy. 39 Extrapolation of the data to infinite dose yields a ratio of G s /G c ) 0.348, where the G i value is the number of chain-scission (s) or cross-linking (c) events per 100 eV of energy absorbed, indicating that cross-linking is roughly three times as likely to occur as chain scission.
Multiple-quantum growth curves were first fit to the discrete two-site model based on eq 3. The curves fit moderately well to the two-site model, which supports the suggestion by Schmid and Michel that Sylgard 184 behaves like a bimodal network. 41 The two modes can be attributed to long, mobile PDMS chains with lower values of residual dipolar couplings (∼130 Hz) and a mode comprised of short, less mobile PDMS chains, short hydrosilane cross-linkers, and polymer chains at or near the SiO 2 filler surface with higher 〈Ω d 〉 values (∼640 Hz). The exact couplings and fractions of chains in site 1 (low-frequency coupling mode) are shown numerically in Table 1 . With increasing dose, a general increase in both the low-frequency and high-frequency sites was observed, although the highfrequency mode displayed some degree of nonlinearity in the increase, possibly because of imperfections in the fit. The majority of the chains were found to be in site 1 (low-frequency coupling mode), and the overall fraction increased between 0 and 10 kGy and then decreased at higher doses. This suggests an initial softening of the material followed by a gradual stiffening of the network and indicates a competition of at least two degradation mechanisms as suggested in the CharlesbyPinner analysis. The initial softening followed by stiffening has previously been observed in other filled silicone elastomers 8 and has been attributed to an initial delamination of the polymer-filler interface due to a decrease in the hydrogen bonds that are responsible for the strong surface interaction. At higher doses, the subsequent decrease in chains in site 1 can be assumed to be due primarily to increased cross-linking.
The distribution of 〈Ω d 〉 values from the FTIKREG analyses of the samples is shown in Figure 3 , and the average 〈Ω d 〉 value, 2 , and width of the primary coupling mode are reported in Table  1 . This analysis resulted in primarily one distribution attributed to the large quantity of mobile polymer chains, with evidence of a shoulder due to the lower-frequency coupling modes. The breadth of the distributions is ultimately due to the structural heterogeneity of the PDMS networks. The mean 〈Ω d 〉 value was observed to increase slightly as a function of dose up to 50 kGy, followed by a larger jump to higher values at higher doses. The increase in 〈Ω d 〉 is due to an increase in the average crosslink density of the material, again suggesting a dominance of radiation-induced cross-linking. The increase in the breadth of the distribution observed with increasing dose (simplistically calculated as the half-width at half-height of the 〈Ω d 〉 distribution curve, included in Table 1 ) is ultimately due to an increase in molecular weight distribution and thus structural heterogeneity, which has been suggested to result from increased chain-scission events at higher dose. 15, 39 Additionally, the asymmetry in the distribution is due to an increase in the high-molecular-weight component that cannot be separated from the low-molecularweight component because of the structural heterogeneity of these materials. However, the relative width, defined as the width divided by the mean 〈Ω d 〉 value, appears to decrease up to 50 kGy and then increase at higher doses because of the increasing asymmetry of the distributions. The competition of mechanisms is manifest in the combined increase in the mean 〈Ω d 〉 value and the broadening of the distribution width, although the data suggest that cross-linking is the dominant mechanism.
To obtain more information about the chemical nature of the changes observed as a function of radiation, headspace analysis was performed on the material. SPME-GC/MS analysis of the irradiated and thermally aged samples showed subtle trends in the total ion chromatographs, as demonstrated in Figure 4A for the irradiated samples and in Figure 4B for the irradiated samples further aged at 70°C for two weeks. The major peaks are identified according to Table 2 . Small changes in peak intensity can be seen for a few select peaks, but a detailed quantitative inspection of these changes would be difficult by traditional inspection methods. Note that traditional gases that evolve during irradiation, namely, hydrogen, methane, and ethane, 1, 3, 5 were likely being produced but were not observed in our experimental design. The primary reasons for this are that these gases pass through the column too rapidly to be detected and, because the evolved gases are not being trapped during irradiation (only the gases evolving from the bulk sample during postirradiation analysis are being detected), the highly volatile, low-molecular-weight gas species are not, in fact, being sampled.
PCA of the irradiated samples that were analyzed without additional thermal aging is shown in Figure 5 . Here, a plot of principal component 1 (PC1) vs principal component 2 (PC2) reveals distinct groupings for samples irradiated at different doses, indicating a discrete difference in offgassing signatures between the samples at each dose. Figure 6A shows the scores plot for PC1, which constitutes 49.03% of the overall variance in the samples, and shows a trend of decreasing scores with increasing radiation up to 50 kGy, followed by a leveling off of the scores. The loadings plot in Figure 6B indicates that the tetrahydrofuran (THF) peak at 5.43 min contributes most strongly to the positive scores (lowest doses), with a smaller contribution from butyrolactone (peak at 8.6 min), a common oxidation product of THF. The negative scores are due primarily to the d4-d7 cyclic siloxanes [as well as residual peaks from the glass vials (present in the blank) at 2.7 min and from trimethylsilanol at 5.07 min], which are more prevalent for Figure 5 . Principal component analysis of GC/MS data for samples irradiated and held at room temperature.
samples at higher radiation doses. An additional peak from trans-(2-chlorovinyl) dimethylethoxysilane at 6.91 min is presumed to be a reaction product from the catalyst, and its presence at higher doses suggests a possible postcure process occurring. This analysis indicates that the changes in THF and butyrolactone concentrations are most significant at low doses. The overall THF signal concentration decreased with increasing dose, as can be seen by the slight decrease in signal intensity of the peak at 5.4 min in Figure 4A , although the overall effect is much more difficult to quantify on the total ion chromatogram (TIC). Between 10 and 50 kGy, there was a decrease in PC1 score that leveled off at higher doses. The negative scores seen here are primarily a result of changes in the d4-d7 cyclic siloxanes, as well as contributions from the trimethylsilanol peak at 5.07 min. The sudden decrease in PC1 score between 10 and 50 kGy as a result of the changes in cyclic siloxanes suggests an onset of backbiting chain-scission reactions that could result either in additional cross-linking sites within the network or in the generation of cyclic siloxanes. The competing mechanisms and the marked change in PC1 score confirm the observations from the MQ NMR analysis.
Analysis of PC2 (29.07% of the overall variance), shown in Figure 7 , indicates a greater distinction between the behavior of the cyclic siloxanes. Positive loadings were present for the d5 and d6 cyclic siloxanes, with smaller positive loadings for acetic acid and the d7 and d8 cyclic siloxanes. The scores in Figure 7A increased with doses up to 50 kGy, and the corresponding loadings data indicate that the d5 and d6 cyclic siloxanes were the largest contributors to this increase. A large change in behavior was seen between 50 and 100 kGy, where negative scores appeared, attributed mostly to the d3 and d4 cyclic siloxanes, trimethylsilanol, residual glass, and the catalysis byproduct. Unfortunately, the imperfect spectral alignment evident in Figure 7B hinders our ability to fully interpret the data, particularly for the d6 cyclic siloxane. However, the presence of the low-molecular-weight d3 and d4 cyclic siloxanes at the highest doses could be due to γ-irradiation-initiated polymerization reactions known to occur in such systems. [42] [43] [44] Alternatively, the small amounts of chain-scission reactions that are competing with the cross-linking reactions could lead to backbiting reactions that form low-molecular-weight cyclic siloxanes. 1 When the already-irradiated samples were exposed to thermal degradation, a large amount of trimethylsilanol (peak at 5.06 min) was observed in the total ion chromatogram ( Figure 4B) . A scores plot of PC1 vs PC2 for all doses at both temperatures, shown in Figure 8A , indicates that the increased temperature had a far larger effect on the samples than any of the irradiation doses. Interestingly, the variance in the data that can be attributed to the increased temperature was far greater than any variance attributable to the radiation alone. Figure 8B shows the loadings plot for PC1, which represents 76.48% of the variance, with negative peak loadings correlated with room-temperature aging and positive loadings correlated with 70°C aging. The large peak at 5.06 min is due to trimethylsilanol and was clearly the largest component contributing to the differences in the TIC signatures. The presence of this peak indicates a thermally induced process involving the trimethylsilanol end groups, which are common products of hydrolytic chain scission. To a lesser extent, trans-(2-chlorovinyl) dimethylethoxysilane (peak at 6.91 min), the potential catalysis byproduct, appears to be more volatile at higher temperatures, as does a small amount of the d8 cyclic siloxane (14.05 min). The room-temperature samples, mainly characterized as having negative PC1 scores and loadings, are associated with an acetic acid peak at 5.43 min and the remainder of the cyclic siloxanes. It is interesting to note that the presence of trimethylsilanol was significantly greater than the relative amounts of cyclic siloxanes, which are commonly generated from backbiting chain-scission reactions. It is possible that the relatively low temperature of 70°C is not enough to significantly degrade the samples in the traditional mechanism, although it is more likely that the total contribution of chain-scission mechanisms is simply producing smaller changes to the network structure than the removal of the trimethylsilanol groups.
The PCA analysis of the SPME-GC/MS data clearly indicates that, in the dose range of 50 kGy, a change in the dominant mechanisms has occurred. At low doses, limited damage was being done to the network, and the signatures observed were predominantly THF and THF oxidation products, although a number of cyclic siloxane and other synthesis byproducts of incomplete cure chemistry were observed at lower doses. As the dose was increased, radiation-induced chemistry began to contribute significantly to the evolved gas speciation. These reactions included postcuring reactions, radiatively induced cross-linking reactions that cleaved trimethylsilanol end groups, and radiation-induced chain scission. As the cross-link density increased with increasing damage, the relative rates of creation of the various cyclic siloxane species changed, moving toward a preference for lower-molecular-weight cyclics, likely because of the increasingly restricted mobility of the network. The dramatic change observed in the PC1 and PC2 scores between 50 and 100 kGy occurred at the same doses in which the most significant change in both average residual dipolar coupling and distribution width occurred, again suggesting that the competition of cross-linking and chain-scission mechanisms is dose-dependent, with the dominance of cross-linking at the higher doses.
Conclusions
A comprehensive approach involving mechanical, rheological, spectroscopic, and chromatographic analyses to determine both physical and chemical changes to PDMS networks as a function of degradation mechanisms was presented. The effects of oxidative γ-radiation on Sylgard 184 were characterized with numerous analytical techniques to gain insight into the dependence on cumulative dose of the changes in segmental dynamics and mechanical properties of the material, as well as the speciation of volatile and semivolatile degradation products. Thermal analysis by DSC and DMTA indicated that there was a decrease in mobility as a result of radiation-induced crosslinking. NMR spin-echo experiments detected a decrease in sol fraction because of radiation-induced cross-linking. 1 H multiple-quantum NMR spectroscopy provided increased insight into the degradation effects on network structure, revealing the competition between cross-linking and chain-scission reactions. Headspace sampling from the bulk material followed by GC/ MS analysis was performed at room temperature and elevated temperature to identify changes in outgassing species as a function of dose. Subsequent PCA was performed to assist in the analysis of the subtle changes in the GC/MS data. Although cross-linking was observed to dominate at all doses, at low doses (<50 kGy), a mechanism that favored higher-molecular-weight cyclic species and low-molecular-weight degradation products was dominant. At higher doses, the competition between crosslinking and chain scission increased, and backbiting reactions began to dominate, as reflected in the increased importance of lower-molecular-weight cyclic siloxanes. Further exposure to elevated temperature provided additional chain-scission opportunities, as evidenced by the significant offgassing of trimethylsilanol. Application of multivariate analysis afforded the ability to distinguish between the contributions of postcure reactions and those of other degradation mechanisms and also indicated a change in dominant mechanisms at around 50 kGy, consistent with the DSC and MQ NMR spectroscopy but not observed in the T 2 and DMTA analyses. The MQ NMR spectra and PCA analysis of the SPME data allowed for significantly enhanced insight into the chemical nature of radiation-induced degradation. Because typical predictions of long-term behavior often rely on extrapolations of changes in mechanical properties with degradation, without specific connection to the complex chemical changes that are causing such changes, erroneous longterm predictions of material performance are likely. Improved insight, as demonstrated in this study, provides the opportunity to improve lifetime predictions.
